for the suppression of saccades can be seen in go/ no-go tasks. In these tasks, a stimulus can be the target The prefrontal cortex has been implicated in the supof a saccade unless a no-go or cancellation stimulus pression of unwanted behavior, based upon observaappears, in which case the monkey must not make the tions of humans and monkeys with prefrontal lesions.
Figure 1. Delayed Spatial Match and Nonmatch Tasks
Each task has four periods: fixation, sample, delay, and test. During the fixation period, a fixation point appears, and the monkey fixates it for 500-1000 ms. During the sample period, a sample then appears for 500 ms at one of six possible locations, pseudorandomly intermixed. During the delay period, the sample disappears, and the monkey continues to fixate for 1000-1500 ms. During the test period, the fixation point disappears, and two identical stimuli appear, one at the original site of the sample and the other at one of five other possible positions. In the match task (upper row), the fixation point is green, and in the test period the monkey must make a saccade to the stimulus at the original sample site within 500 ms to receive a reward. In the nonmatch task (lower row), the fixation point is red, and in the test period the monkey must make a saccade to the stimulus that is not at the sample site. segawa et al., 2001 , Soc. Neurosci., abstract; Hasegawa was not a saccade target. "Pure visual" neurons did not distinguish between the tasks during the sample period et al., 2002, Soc. Neurosci., abstract).
( Figure 2C ). Of 141 neurons that exhibited spatially tuned activity during the early sample period, the majority of Results neurons were pure visual (80%, 113/141), and only some of the neurons (look, 14/141, 10%; don't look, 14/141, We recorded the activity of 310 single neurons in the 10%) started discriminating the sample cue between caudal part of the dorsolateral prefrontal cortex that match and nonmatch from the beginning of the early corresponded to areas 46 and 8a and the FEF in two cue period. We found similar results in the late sample rhesus monkeys (157 in monkey 1 and 153 in monkey period (see Figure 5C for summary). 2) while they performed the delayed spatial match/nonmatch tasks (Figure 1 ; see the Experimental Procedures). In both tasks, the monkey looked at a fixation Delay Period Activity spot (fixation period), and 500-1000 ms later a small
In the late delay period (final 400 ms of the delay period), spot (sample cue) appeared for 500 ms at one of six 128 neurons (80 neurons in monkey 1 and 48 neurons peripheral locations on the screen (sample period). The in monkey 2) exhibited spatially tuned activity. We also monkey continued fixating for another 1000-1500 ms found the three different patterns of neuronal activity (delay period), after which the central fixation spot disduring this period. Sixty-eight (53%) were look neurons, appeared, and two stimuli appeared (test period), one which exhibited greater activity when the stimulus in at the same location as the sample, the other at another their response fields was the saccade goal. Twenty-four unpredictable location (one of five locations other than (19%) were don't look neurons, which exhibited greater the sample cue location). Depending upon the color of activity when the stimulus in the response field was the the fixation spot, the monkey had to make a saccade stimulus to which the monkeys were forbidden to look. either to the stimulus at the sample location (the match Thirty-six (28%) were "memory" neurons, which retask) or to the other stimulus (the nonmatch task). We sponded equally in both cases, holding a working mempseudorandomly intermixed trial types (match and nonory of an object without indicating the behavioral signifimatch) and stimulus locations. Of 310 recorded neurons, cance of that object. 235 (132 in monkey 1 and 103 in monkey 2) showed
The neuron in Figure 3A is an example of a look neuspatially selective activity during at least one epoch of ron. The neuron exhibited increasing activity during the the task. However, different neurons were tuned during delay period in the match task when the sample cue different epochs: 141 were tuned in the early sample appeared at the lower right location ("preferred locaperiod, 152 in the late sample period, 130 in the early tion"). The minimum activity in this task occurred when delay period, and 128 in the late delay period. Eightythe sample cue appeared at the upper left location four neurons were tuned in the both the early cue and ("nonpreferred location"). In contrast, there was just a late delay periods (see the Experimental Procedures for slight buildup of activity for these two locations in the the definitions of these epochs). nonmatch task. Spatial tuning for sample cue location was much stronger in the match task than in the nonmatch task ( Figure 3B ). A two-way ANOVA (task ϫ locaSample Period Activity Because the color of the fixation point signaled the nation-see the Experimental Procedures) indicated a significant (p Ͻ 0.001) interaction between these factors; ture of the task, when the sample appeared the monkey already knew its behavioral significance. This foreknowlthe effect of location was significant (p Ͻ 0.001) in the match task but not (p Ͼ 0.05) in the nonmatch task. If edge was reflected in the activity of neurons. We found three different kinds of on responses. "Look" neurons this were a purely spatial working memory signal, the activity should be equal in both cases. Instead, the en-( Figure 2A ) had an enhanced response to a sample stimulus that the monkey knew a priori was a saccade target. hancement in the match task suggests that the delay period activity is related to some aspect of movement "Don't look" neurons ( Figure 2B ) had an enhanced response to a stimulus that the monkey knew a priori generation. It is also possible that the monkey solved the The neuron in Figure 3C is an example of a don't look neuron. Like the neuron in Figure 3A , the activity of this neuron was selective for both the sample cue location and the task. However, the neuron's delay period activity was spatially tuned for sample cue location only in the nonmatch task ( Figure 3D, top) . A two-way ANOVA indicated a significant (p Ͻ 0.001) interaction between location and task; the effect of location was significant (p Ͻ 0.001) in the nonmatch task but not (p Ͼ 0.05) in the match task. One possibility is that activity in the nonmatch task actually represented covert planning of a saccade in a direction away from the nonmatch sample. If the neuron merely represented planning of a tentative saccade in some nonmatch direction, it should have discharged in that same direction in the match task. The neuron was not tuned at all in the match task ( Figure 3C,  left) . Similarly, it should have been tuned for a specific saccade direction in the nonmatch task. It was not (Figure 3C , right, and Figure 3D , bottom). Just as the neuron in Figure 3A was tuned only for trials in which the saccade was planned across the delay period and not for saccades that were generated de novo during the test period, this neuron was tuned only for trials in which the saccade had to be inhibited across the delay period and did not participate in a mechanism that inhibited saccades to its response field that were generated de novo during the test period.
The activity in the nonmatch task could have been related to some nonspecific attentional or arousal effect (Hasegawa et al., 2000b ) rather than the inhibition of a saccade to a specific target maintained throughout the delay period. If that were the case, one would expect arousal parameters, such as task performance, saccade latency, and velocity, to differ between the two tasks. They did not. In the successful trials from which neuronal data were collected, mean saccade latency was 202 Ϯ 2 ms (SEM) for match and 199 Ϯ 2 ms for nonmatch. Mean peak velocity was 442Њ/s Ϯ 7Њ/s for match and 443Њ/s Ϯ 7Њ/s for nonmatch. In experiments from which neuronal data were collected, monkey 1 performed the ϩ w3 ϫ (velocity) ϩ c where activity is neuronal activity on each trial, task is nonmatch task by actively planning another saccade. Although the neuron is selective for the match case, it set to 1 on match or 0 on nonmatch task, latency is saccade latency, velocity is peak saccade velocity, is not a simple presaccadic visuomovement neuron such as those found in the FEFs (Bruce and Goldberg, w1-w3 are partial regression coefficients, and c is a constant term. Most look and don't look neurons 1985). The neuron was tuned for saccade direction during the delay and presaccadic periods in the match showed a significant coefficient only for task. In the population, the effect of task was much greater than task, but it did not respond before the saccade in the nonmatch task, suggesting that it was more involved in that of saccade latency or velocity (Figure 4 ). These data suggest that any difference in activity between match the delay process than the generation of the saccade itself ( Figure 3B , bottom).
and nonmatch tasks was not merely a result of differ- before the saccade in both the match and nonmatch task, but their activity was greater before the saccade in the nonmatch task, and they then gradually increased their activity in the match task above the baseline maintained in the nonmatch task as the trial progressed. Don't look neurons typically responded only weakly, if at all, to sample onset and gradually developed nonmatchspecific activity during the delay period, like the neuron in Figures 3C and 3D (Figure 6B ).
Activity in Error Trials
The population activity predicted the accuracy of the monkey's response for both look and don't look neurons. This could even be seen in the activity of single or more errors on trials for the preferred location in the preferred task ( Figure 7B ). Delay activity during error trials was significantly lower than the activity during corences in attention or arousal between the two tasks. In rect trials for both types of neurons (Wilcoxon sign rank particular, the increased activity that was present even test; p Ͻ 0.001 for look and p Ͻ 0.01 for don't look in nonpreferred stimulus locations in the nonmatch task neurons). in the neuron that is illustrated in Figures 3C and 3D must have arisen from some factor specific to the nonDistribution within the Cortex match task rather than from a nonspecific attention or To examine the regional distribution of neuron types, arousal effect.
we divided the recording areas into two subareas ( Figure  8A ): the FEF, where electrical stimulation (50 A) elicited The Temporal Progression of Look saccadic eye movements, and the pre-FEF, the area and Don't Look Activity surrounding the FEF anteriorly (mostly area 8a and a As the trial progressed, neurons frequently shifted their part of area 46 around caudal edge of the principal type. The neuron in Figures 5A and 5B showed pure sulcus), where electrical stimulation (50 A) failed to visual activity in the sample period but developed look elicit saccadic eye movements. Although look neurons activity during the delay period. Across the sample of predominated in both areas, don't look neurons were 128 neurons that were spatially tuned in the late delay more prevalent in the pre-FEF ( Figure 8B ). This bias was period, there was a gradual transition from pure visual significant in each monkey individually ( 2 test; p Ͻ 0.05). or "visual-memory" activity to look activity as the trial progressed ( Figure 5C ). The time courses of activity of these late delay look and don't look populations were Discussion quite different (Figure 6 ). Neurons that were to develop look activity typically responded to the onset of the In this study, we probed the frontal mechanisms underlying response suppression and response planning. We sample, and this initial visual response decayed ( Figure  6A) . In match trials, activity gradually increased during used a task that required a monkey to remember the location of a stimulus during a delay period and, when the delay, and there was a presaccadic burst. In the nonmatch trials, there was no buildup of activity, but it reappeared along with a new stimulus, either to make a saccade to the original sample or to plan a saccade there was a second onset response to the appearance of the test stimulus. In contrast, neurons that were to to the new stimulus. During the delay period, the monkey had to remember the spatial location of the sample for develop don't look activity had little or no response to the onset of the sample; they gradually increased their one of two very different purposes: to plan a saccade to it or not to make a saccade to it when it reappeared. activity in the nonmatch task. These neurons responded Figures 3B and 3D . Identical spatial tuning observed in the early sample period shifts to match activity as time progresses. (C) Number of neurons that exhibited look (green), visual or memory (yellow), and don't look (red) activity as determined by ANOVA in each of the four task epochs. As the trial proceeds, the preponderance of visual or memory activity seen in early sample period shifts to a preponderance of look activity.
We found that there are separate neural mechanisms in with this foreknowledge, some neurons reflected saccade planning or response suppression immediately the frontal cortex for response suppression and response planning. We will discuss this finding in terms upon the appearance of the sample. Others developed it during the delay. Presaccadic onset enhancement has of previous studies of response suppression, working memory, and current concepts of frontal function. , 2001 ). In significance of the stimulus when it appeared. In keeping did not respond to the appearance of the fixation point, which was therefore outside their response fields. The sample and test stimuli that were in the receptive field were white, so visual color selectivity could not have been operational when these stimuli appeared. The second is that many cells developed selectivity late in the delay period. It is unlikely that neurons making a chromatic decision would take so long to make a decision. Certainly, the latencies of color-selective neurons in V4 (Schein and Desimone, 1990) and inferior temporal cortex (Komatsu and Ideura, 1993) are far shorter. Third, many of the neurons were in the low-threshold FEF, in which neurons have been shown not to have stimulus color specificity (Thompson et al., 1997) . Finally, we were recording from dorsolateral prefrontal cortex. There is an increasing amount of evidence that there is a segregation of visual input to prefrontal cortex, with pattern (and color) input from the ventral stream projecting to ventrolateral prefrontal cortex and motion and spatial activity projecting to dorsolateral prefrontal cortex (Goldman-Rakic, 1988). Using a multidimensional atten- relationship to the spatial aspect of the response (the sample location in our case), nor did the neurons distinour study, we used the fixation point color to determine guish color when color was not the discriminated dimenthe meaning of the sample stimulus. The neurons could, sion. For these reasons, it is extremely unlikely that the therefore, have been responding to the color rather than look and don't look neurons in our study were reto the necessity of making or inhibiting a saccade. This sponding primarily to the color, rather than to the task mandated by the color. is unlikely for several reasons. The first is that neurons The countermanding task is an example of a task that ment was also found in prefrontal neurons (Sakagami and Niki, 1994b ) and in the FEF itself (Sommer and is performed by the activation of a global suppression mechanism. In this task, the subject is cued by the reap- Wurtz, 2001 ). In the study by Sommer and Wurtz (2001) , however, error trial analysis showed that the activity of pearance of the fixation point to continue fixating rather than making the saccade that it was generating. Hanes the go/no-go selective neurons described the task but did not correlate with whether or not the monkey actually et al. (1998) studied FEF activity during this task and showed that during successfully canceled saccades the made the saccade. In contrast, in the delayed nonmatch-to-sample task, the activity of don't look neurons activity FEF visuomovement neurons declined significantly before the estimated stop signal reaction time predicted success or failure on the task. Another plausible model for response suppression is occurred. They did not show any activity that was specifically excited by the saccade cancellation process. Rethe antisaccade task. In this task, the subject must look directly opposite the stimulus. The stimulus location decently, Pare 
